Shinoda and colleagues hypothesized that patients with cone dystrophy (CD) might suffer from a selective ON-system deficit, based on the local nature of the disease [Shinoda, K, Ohde, H, Inoue, R, Ishida, S, Mashima, Y, & Oguchi, Y (2002) . ON-pathway disturbance in two siblings. Acta Ophthalmologica Scandinavica, 80,[219][220][221][222][223]. The purpose of the current study was to test this hypothesis by examining onset and offset responses as a function of eccentricity in a group of patients with CD using long-duration LED stimuli. Nine patients with CD participated in this study (mean age of 36.1 years and visual acuity P20/200). For this study, the following measures were obtained: Humphrey threshold visual fields, standard multifocal ERGs (mfERGs) as well as mfERGs to long duration stimuli recorded using the Retiscan stimulator (Roland Instruments). This display contained 61 scaled hexagons and the LEDs were on for 100 ms (180 cd/m 2 ) and off for 100 ms. In addition, standard full-field photopic and flicker ERGs using Ganzfeld stimulation were obtained. For the control subjects, the onset responses were larger than the offset responses at all eccentricities; whereas for the patients, there was overlap between the amplitudes of the onset and offset responses. For the patients, the amplitude ratios (relative to the control data) indicated that the difference between the onset and offset responses was greatest for the central-most ring and this difference decreased with increasing eccentricity. For the onset responses, Humphrey thresholds and mfERG amplitudes, performance was poorest for the center ring and best for the most peripheral ring; for the offset responses, the opposite pattern of results was obtained. The differences in the pattern of results in the long duration mfERG data are consistent with a selective loss of the onset responses in our patient population.
Introduction
Progressive cone dystrophy (CD) is an inherited retinal degenerative disease that predominantly affects cone-system function. There are many visual symptoms associated with CD; the most debilitating include poor visual acuity, photophobia and abnormal color vision (Berson, Gouras, & Gunkel, 1968; Goodman, Ripps, & Siegel, 1963; Ripps, Noble, Greenstein, Siegel, & Carr, 1987; Sadowski & Zrenner, 1997; Small & Gehrs, 1996) . Psychophysically measured cone-system thresholds are elevated (Berson et al., 1968; Ripps et al., 1987; Sadowski & Zrenner, 1997) and cone-mediated full-field and multifocal ERGs (mfERGs) show large reductions in amplitude and delayed implicit times (Berson et al., 1968; Brown, Kimura, & Gorin, 2000; Goodman et al., 1963; Holopigian, Seiple, Greenstein, Hood, & Carr, 2002; Iijima, Yamaguchi, Kogure, Hosaka, & Shibutani, 1991; Kretschmann, Seeliger, Ruether, Usui, & Zrenner, 1998; Reichel, Bruce, Sandberg, & Berson, 1989; Ripps et al., 1987; Sadowski & Zrenner, 1997; Small & Gehrs, 1996) . Rod-system responses are minimally affected in this disease, with psychophysical rodsystem thresholds elevated by less than 1.0 log-unit and electrophysiological rod-mediated responses ranging from normal to 50% reductions in amplitude (Berson et al., 1968; Goodman et al., 1963; Holopigian et al., 2002; Iijima et al., 1991; Reichel et al., 1989; Ripps et al., 1987; Sadowski & Zrenner, 1997; Small & Gehrs, 1996) . For the cone system, the psychophysical and local ERG deficits are most pronounced for central retinal locations and lessen with increasing eccentricity (Holopigian et al., 2002; Kretschmann et al., 1998) . Shinoda et al. (2002) examined mfERG responses as well as full-field photopic ERG onset and offset responses in two siblings with cone dystrophy. They confirmed that the mfERG responses were most affected in the central 10°. These investigators also found that there was a greater loss of full-field ERG onset responses than offset responses in these patients. From these results, Shinoda et al. (2002) concluded that the loss of mfERG amplitude from the central retinal area could result from local ON-system ERG deficits, but they did not directly test this hypothesis. The purpose of the current study was to compare local electroretinographic onset and offset responses in a group of patients with progressive cone dystrophy. The local ERG responses were examined using long-duration LED stimuli (RETIscan, Roland Instruments). These local ERG results were compared to full-field ERG measures and to local measures of visual function.
Methods

Subjects
The nine patients with CD who participated in this study were recruited from the practice of one of the authors (REC). The diagnosis of CD was based on patient history, visual acuity, color vision (assessed with the FM-100 hue test using a standard illuminant-C lamp), full-field ERG results (following ISCEV standards) and fundus examination (see Table 1 ). The patients had no evidence of any other ocular or systemic diseases. The patient group had a mean age of 36.1 years (±18.8 years) and best-corrected visual acuity ranged from 20/25 to 20/200 (see Table 1 ). The control group consisted of nine age-similar observers with best-corrected visual acuity of P20/20, normal ophthalmic exams and no evidence of any other ocular or systemic diseases. The control group had a mean age of 36.4 years (±17.2 years). All subjects gave informed consent to participate following a full explanation of the procedure and the tenets of the declaration of Helsinki were followed. The institutional human experimentation committee at New York University School of Medicine approved this research.
Apparatus and procedure
For all subjects, the eye with the better visual acuity was tested. If visual acuity was equivalent in the two eyes, the right eye was tested. The contralateral eye was patched. For all tests, the subjects were best corrected for the viewing distance of 32 cm. All testing was conducted in one session lasting approximately 3 h.
Humphrey threshold visual fields
Threshold visual fields were measured using a Humphrey perimeter. The standard program was modified to assess thresholds at 61 locations, including a foveal threshold location. Each test spot was at the same location as the center of a hexagon in the mfERG array (61 hexagons, scaled array). Each test spot subtended 26 0 (0.43°) and the test locations extended to 23°. The background luminance of the display was 10 cd/m 2 .
Standard (0F) multifocal electroretinograms (mfERGs)
Following pupil dilation (1% tropicamide and 2.5% phenylephrine hydrochloride), standard (0F) mfERGs were recorded with the VERIS Sytem (EDI) and a bipolar Burian-Allen contact lens electrode. The forehead served as ground. The mfERG technique used in this study was based on the work of Sutter and Tran (1992) . Briefly, the stimulus was an array of 61 hexagons that were scaled with eccentricity (see Fig. 1(a) ). At the viewing distance of 32 cm, the hexagon display subtended 46°horizontally. A central 'X' was used for fixation and the position of the eye was monitored using VERIS software. On each frame, every hexagon had a 50% probability of being white or black (100 cd/ m 2 mean luminance, 200 cd/m 2 maximum). The mfERG signal was amplified, sampled at 1200 Hz and band-pass filtered between 10 and 300 Hz. One 3.6 min recording was obtained.
Multifocal electroretinogram (mfERG) onset and offset responses
Onset and offset mfERG responses were recorded with a bipolar GoldLens contact lens electrode (Diagnosis LLC); the forehead served as ground. The recordings were made with a RETIscan stimulator with an LED display (Roland Instruments; see Fig. 1(b) ). The LEDs were on for 100.2 ms (180 cd/m 2 ) and off for 100.2 ms, and mfERGs were obtained using an m-sequence. The LEDs were grouped into 61 scaled hexagonal arrays and the entire stimulus subtended 45°in diameter. Each recording was divided into eight 48 s segments. Two recordings were obtained and combined for analysis.
Full-field electroretinograms
Immediately following, full-field photopic single flash and 33 Hz flicker ERGs were recorded. The full-field ERGs were recorded using the RETIscan stimulator (Roland Instruments) and the bipolar GoldLens electrode. The forehead served as ground. The luminance of the stimulus was 3.9 cd s/m 2 on a 25 cd/m 2 Ganzfeld background. 
Analysis
The standard mfERG data and full-field ERG data were measured as peak-to-trough amplitude and peak-to-peak implicit time using application software. Fig. 2 shows examples of waveforms for the multifocal long duration stimuli onset and offset responses summed across all hexagons. Fig. 2 (a) shows sample responses from three control subjects. The onset and offset responses are easily identifiable. Fig. 2 (b) shows examples from three patients. Because the responses from the patients were reduced in amplitude and/or delayed (e.g. P4), it was more difficult to distinguish these responses from the noise. To help us better define the relationship between the onset and offset responses, the portion of the waveform containing the offset component (100-200 ms) was inverted and placed below the onset component. When the offset response is shifted by approximately 7 ms, the negative and positive peaks of the onset response and the inverted offset response line up. Therefore, for all subjects, the onset and inverted offset responses were compared and the responses were measured from the trough of the negative response to the peak of the positive response. For the eccentricity analyses, the standard and the onset and offset mfERG amplitude data were summarized into four rings (see Fig. 1(c) ). The visual field threshold data were summarized into rings corresponding to the mfERG data. For these measures, the six corner points were excluded from the analysis.
Results
Fig . 3 shows the averaged onset and offset responses as a function of eccentricity. The control data are shown as the filled symbols and the data from the patients are shown as open symbols. For the control data, at all eccentricities, the onset amplitudes were greater than the offset amplitudes (repeated measures ANOVA, F(1, 21) = 28.4, p = .0011). In addition, both the onset and the offset responses increased in amplitude with eccentricity (F(3, 21) = 14.6, p < .0001). There was also a significant interaction between response type and eccentricity (F(3, 21) = 5.89, p = .0045), indicating that the amplitude difference between the onset and the offset responses was dependent on eccentricity.
The averaged responses from the patients were smaller and there was more overlap between the onset and offset responses. For these data, there was a significant difference between the mean onset and offset responses (repeated measures ANOVA, F(1, 24) = 5.89, p = .042), a significant increase in amplitude with eccentricity (F(3, 24) = 3.89, p = .021) and a significant interaction between response type and eccentricity (F(3, 24) = 3.21, p = .041).
Since there were differences in absolute amplitude between the onset and offset responses as well as between the control subjects and the patients, the results for the patients were converted to amplitude ratios. For each patient, the amplitude results for each condition were divided by the averaged control amplitude for that condition. Fig. 4(a) shows the averaged amplitude ratios of the patients (patient value/averaged control value) for the onset and offset responses as a function of eccentricity. For the onset responses (open circles), the amplitude ratio of the patients was lowest for the first ring and increased with eccentricity, indicating the responses were most impaired for the center ring and the amount of impairment decreased with eccentricity. For the offset responses (filled circles), the opposite pattern of results was found. That is, the amplitude ratio was greatest for the first ring and it decreased with eccentricity. A repeated measure analysis of variance indicated that there was no significant effect for type of response (onset vs. offset) nor was there a significant eccentricity effect. There was a significant interaction between the type of response and eccentricity (F(3, 12) = 4.48, p = .025), confirming that the central ring had the greatest difference in the onset and offset responses in these patients. With increasing eccentricity, the amplitude ratios of the onset and offset responses were more similar.
This effect can be seen in the individual data as well ( Fig. 5 and Table 2 ). In order to determine if the amplitude ratios for the patients were changing as a function of eccentricity, difference scores were calculated. If the relative onset and offset responses for the patients were equally impaired at all eccentricities, then the difference scores would be equivalent to zero. Difference scores were calculated by subtracting the patient's amplitude ratio for the offset response from the amplitude ratio for the onset response at each eccentricity. The individual results from the patients are shown with best-fit lines through the data. For the patients, the difference between the onset and offset responses approached zero with increasing eccentricity.
The implicit time data were also examined (data not shown). For both onset and offset responses, the implicit times for the patients were delayed, relative to the control subjects (onset responses; repeated measures ANOVA, F(1, 35) = 9.31, p = .009; offset responses, F(1, 35) = 6.48, p = .024). There was no significant effect of eccentricity for either the onset or offset responses, nor was there a significant interaction between implicit time and eccentricity.
Comparison with local measures
For comparison, the onset and offset results were compared to other measures of local function in the same patients. Fig. 4 
(b) shows the measurement ratios for the standard 0F mfERG amplitudes (open diamonds) and the Humphrey visual field thresholds (open triangles).
For both measures, the responses of the patients were poorest for the central ring and the amount of impairment decreased with eccentricity (i.e. the ratios increased). This is the same pattern of results seen in the amplitude loss of the onset responses. The results for these three measures are opposite of the pattern of results obtained for the offset responses.
This pattern of results was confirmed in the statistical analyses. A repeated measure analysis of variance between the standard mfERG and the offset measures indicated that there were no significant main effects (type of response or eccentricity) but there was a significant interaction between these measures and eccentricity (F(3, 14) = 5.18, p = .013). For the field data, there was a significant effect for the type of response (F(1, 14) = 26.04, p = .001) and a significant interaction between the measures and eccentricity (F(3, 14) = 5.44, p = .011). For the onset responses, however, there was no significant interaction with eccentricity, indicating that the pattern of change with eccentricity for the onset responses was not significantly different than the standard mfERG or the visual field results. 
Comparison with full-field measures
Discussion
Local onset and offset responses
In the current study, we found local differences in the amount of amplitude loss for the onset and offset responses in patients with progressive cone dystrophy. In the central 5°, the offset response amplitudes were less affected than were the onset response amplitudes. At more peripheral locations, the degree of impairment was equivalent for the onset and offset responses. This finding supports the hypothesis of Shinoda et al. (2002) who postulated that the severely reduced mfERG amplitudes recorded from the central retina from two patients with cone dystrophy might be the result of selective changes to one system. A number of previous studies have shown that diseases can have selective effects on the 'ON' and 'OFF' system components of the photopic ERG (Alexander, Barnes, & Fishman, 2001; Alexander, Fishman, Peachey, Marchese, & Tso, 1992; Dryja et al., 2005; Kellner, Bornfeld, & Foerster, 1995; Khan, Jamison, Kemp, & Sieving, 2001; Leifert, Todorova, Prunte, & Palmowski-Wolfe, 2005; Miyake, Yagasaki, Horiguchi, & Kawase, 1987; Shinoda et al., 2001; Sieving, 1993) . For patients with complete congenital stationary night-blindness (CSNB) and X-linked juvenile retinoschisis, the full-field and multifocal onset responses are greatly reduced in amplitude, but the offset responses can be equivalent to normal (Khan et al., 2001; Leifert et al., 2005; Miyake et al., 1987) . For other diseases, including generalized heredo-retinal degenerations, incomplete CSNB, central retinal vein occlusion, and melanoma-associated retinopathy, both onset and offset responses are reduced in amplitude but the onset responses are more affected (Alexander, Barnes, & Fishman, 2003; Alexander et al., 1992 Alexander et al., , 2001 Dryja et al., 2005; Kellner et al., 1995; Miyake et al., 1987; Shinoda et al., 2001; Sieving, Murayama, & Naarendorp, 1994) .
It is not clear why the responses to stimulus onset are selectively affected in such a variety of disease conditions. For example, this selectivity has been found in diseases primarily affecting the photoreceptors (rod-cone, cone-rod and cone dystrophy) (Alexander et al., 2003; Shinoda et al., 2002; Sieving, 1993) as well as diseases primarily affecting the second-order neurons, including abnormal transmission from the cone photoreceptors to the ON bipolar cells (Miyake et al., 1987; Sieving, 1993) and from abnormalities within the Mueller cells (Alexander et al., 2001; Khan et al., 2001; Shinoda et al., 2001; Sieving, 1993) . Still other studies found the same pattern in patients suffering from systemic conditions, such as melanoma (Alexander, Barnes, Fishman, & Milam, 2002; Alexander et al., 1992; Kellner et al., 1995) . This selectivity has also been shown in both full-field and multifocal ERG recordings, despite the fact that pharmacological recordings have shown that the full-field ERG and the multifocal ERG have different response properties with respect to input from the ON and OFF bipolar cells (Hare & Ton, 2002; Knapp & Schiller, 1984; Sieving et al., 1994) . Pharmacological evidence from primates suggests that full-field ERG responses are derived from a complex combination of inputs from depolarizing bipolar cells (DBCs), hyperpolarizing bipolar cells (HBCs), horizontal cells (HCs) and the cone photoreceptors (Sieving et al., 1994) . When longer duration stimuli are examined, the ERG responses to stimulus onsets and offsets can, to some extent, be attributed to the activity of different subsets of bipolar cells. This is based on the changes in the ERG when pharmacological agents that selectively affect the ON bipolars (2-amino-4-phosphonobutyrate (APB)) and OFF bipolars (cis-2,3-piperidine dicarboxylic acid (PDA)) are applied. The activity of the DBCs is necessary for the generation of the onset responses but the activity of the HBCs and the HCs can influence the responses by limiting the amplitude and shaping the waveforms. Likewise, the offset system response amplitudes are primarily due to activity in HBCs with influences from the DBCs, HCs and photoreceptors (Knapp & Schiller, 1984; Sieving et al., 1994) .
When recording multifocal responses, however, the distinction between 'ON' and 'OFF' responses becomes less clear-cut (Hare & Ton, 2002; Hood, Frishman, Saszik, & Viswanathan, 2002) . Hare and Ton (2002) and Hood et al. (2002) have shown that the application of APB or PDA has less effect on the derived first-order multifocal ERG than on the full-field ERG. Hare and Ton (2002) noted that the multifocal P1 responses reflect a combination of ON pathway and OFF pathway activity which is distinctly different from that which is responsible for generation of the b-wave. Hood et al. (2002) suggest that the mfERG response reflects a greater interaction between ON and OFF bipolar cells than the full-field response. Therefore, it is more difficult to explain the differences in the responses to onset and offset in our patients based on interactions between ON and OFF bipolar cells. Hare and Ton (2002) found that there were eccentricity dependent differences in the effects of pharmacological agents on the onset and offset responses, which they attribute to changes in the balance of rod and cone photoreceptors. They found that the interaction between the rods and cones is greatest in the central 8°, where the cone densities are greatest. Hood et al. (2002) noted that the contribution of the photoreceptors to the multifocal ERG response is greatest for the central 6° .
Based on these findings, it is possible to postulate that the responses to stimulus onset and offset will be more affected by changes in cone integrity in the central retinal area than for more peripheral locations. In our patients, the loss of cone activity is most pronounced in the central retina and the impairment of the onset responses is also greatest in the central retina. Therefore, the pattern of results seen in the current study may derive from changes within the cone photoreceptors themselves, rather than from the properties of the ON and OFF bipolar cells. These effects could result from alterations in the luminance response properties of the 'ON'-and 'OFF'-system pathways, as well as from changes in the distribution of cones interfacing the ON and OFF bipolar cells.
Histological and electrophysiological evidence from patients with cone dystrophy indicate that the primary site of loss is at the level of the photoreceptors, with evidence for some additional post-receptoral contributions. The results from genetic analysis have been largely consistent with mutations acting at the level of the photoreceptors Payne et al., 1998; Wilkie et al., 2001) . The histological evidence also primarily supports a photoreceptor origin of the disease (Gregory-Evans, Fariss, Possin, Gregory-Evans, & Milam, 1998; To, Adamian, Jako-biec, & Berson, 1998a & Berson, , 1998b . Holopigian, Greenstein, Seiple, Hood, and Carr (2004) examined electrophysiological measures of rod and cone function in patients with cone dystrophy and found evidence consistent with cone and rod photoreceptor losses in this disease. In some patients, there were additional losses consistent with post-receptoral changes in the cone and rod systems.
When we compared the summed onset and offset results to the full-field ERG flicker results in these patients, we found that there was a significant correlation between the losses for the onset responses and flicker responses but not between the offset responses and flicker. Alexander et al. (2003) found a relationship between flicker amplitude and b-('ON') to d-('OFF') wave amplitude ratios in carriers of X-linked RP. He attributed this relationship to response attenuation within the DBC pathway.
It has been suggested that the cone onset pathway is more critical than the offset pathway for good visual acuity (Sieving, 1993) . This was based on the observation that the depolarizing pattern of loss (relative loss of onset responses) was more prevalent in disease categories that affect visual acuity (e.g. cone dystrophy) than in disease categories which may not (e.g. RP). To determine if this was true within our population, we examined the correlation between the amount of ERG amplitude loss and decimal visual acuity. In our patients, there was no significant relationship between visual acuity and the amount of amplitude loss for either the onset or offset responses summed across all hexagons, nor was there a significant relationship for the responses from the center ring only. Shinoda et al. (2001) also found no relationship between visual acuity and the amplitude of the d-wave in patients with X-linked retinoschisis.
Conclusions
For the patients with progressive cone dystrophy, both the onset and offset responses were abnormal. However, the offset responses were less affected than the onset responses, especially for central retinal locations. At more peripheral locations, there was little difference in the relative impairment of the onset and offset responses. The differences in onset and offset results in the mfERG, in conjunction with results from animal studies using pharmacological agents to examine the underlying components of the mfERG (Hare & Ton, 2002; Hood et al., 2002) , suggest that the obtained differences in the patients with cone dystrophy derive predominantly from changes at the level of the photoreceptors.
